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The objective of this task was to critically assess the
potential of the concept of’ "optically addressed ferroelectric
menory with non-destructive read-out (NDrRO)" as a viable non-
volatile nen0[¥_technology and to identify its high inpact
applications. his work has clearly denonstrated the viability of
optical Npro, and identified the necessary conditions for its
real i zation

In particular, the highlights of this work are: (a)
denonstration of high speed (-10 ns 3 bidirectional, polarization-
dependent response at ~mW/um® of incident optical power levels, (b)
observation of the optoelectronic response at |ower power |evels
preferentially fromthe edges of the ferroelectric capacitor
suggesting the hypothesis that this effect strongly depends on the
orientation of the film or a gradient of the polarization,
(c)conceptual i zation of a device design to reduce the requirenent
of” incident optical power by orders of magnitude, (d) the optical
NDRO signal is fundanmentally different fromthe conventi onal
destructive readout(DRO) nechanism and therefore is not plagued by
the problens associated with retention loss in the DRO techni que,
and (e) sinmulation of a 16 K nemory chip within the framework of a
radi ation hard environment with read access tines of < 35 ns and
read cycle tinmes of < 50 ns, easily surpassing those of the
conventional . DRO Commercial realization of the optical NDRG
however, would require a reduction, by about an order of magnitude,
in the incident (optical) power for the readout; or an enhancement
by about an order of magnitude in the delivered power/size ratio
and reduction in production cost of sem conductor |asers to be used
for conpact inplementation of the optical addressing.

|-n addition to the potential of the photoresponse as an NDRO
signal., its dependence on the “product” of nmenory stored and
i ncident optical signal offers opportunities for high sPeed opti cal
communi cation networks, inmage processing, and parallel processing
architectures such as optoelectronic neural networks.
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FINAL TECHNICAL PROGRESS REPORT

Optically Addressabl e Ferroelectric Menory
Wth Non-Destructive Read-CQut

Peri od of Performance: June ’'92 through January ’93

| . l.n.production

Conmpact on-chip, radiation hard, non-volatile nenory storage
with high speed interactive access is desired for a wde variety of
applications that need ‘power-off’ menory naintenance. Such appli-
cations include alternatives for battery backed defense needs and
power -of f nenory mai ntenance aboard space m ssions. Commer ci a
needs include data storage for intelligent autonotive navigation,
not ebook conputers, solid state voice nmessaging systens for
telephones and pagers, and franme and configuration nmenory for high
definition television and display systens. Ferroelectric non-
volatile nmenories are promsing for all of these applications.

with the advancenent of technology to deposit thin filns of
PZT (lead zirconate titanate) and to integrate them with conven-
tional Silicon technol ogy, ferroelectric non-volatile nmenories are
now well into their devel opment phase':?:3, The nenory el enent
consists of a thin film ferrcelectric capacitor, in which the non-
volatile storage is based on the renmanent polarization within the
ferroelectric thin film Conventional destructive readout (DRrRO)
froma ferroelectric nmenory utilizes the difference signal between
the charge (Q1) associated wth a switching pul se and the charge
(Q2) associated with a non-switching pulse.  However, such a
process destroys the stored information, which necessitates a
rewmite operation after every read cycle. This conplicates the
hardware and shortens the effective life of the nenory. DRO is
destructive and al so sensitive to bit upset at the refresh instant.
Furthernore, the selection of a reference in the design of a DRO
digital ferroelectric nmenory is non-trivial. This often occurs due
to the variability of the charge Q2 as a function of the device
process history, device operation history, tenperature cycling and
retention tine. A non-destructive readout (NDRO) technique is
therefore required.

An electrical method to nondestructively read the nmenory is
wth a ferroelectric field effect transistor. It relies on the
nodul ation of the source-to-drain current, across a variable
resi stance sem conductor channel or sem conducting thin film, by
the pol arization (nenory% In the ferroelectric |layer and thus
serves as the NDRO. Although nondestructive to the menory, this
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scheme’ involves the challen?e of optimzing a newinterface. 1In

rior® inplenentations, the ferroelectric sem conductor interface

as “been plagued by non-separability of the effects of fast
ferroelectric SW tched polarization from other spurious effects.
These effects, such as injected space charge, contribute to the
modul ating field and retention |oss due to |eakage associated wth
the interface. Recently3® some effort has been put into such a
NDRO nmenory, using Barium magnesium fluoride, BaMgF, and bi smuth
titanate, Bi,Ti;0,, as the ferroelectric thin filns. 1bmever, oor
retention, or just a few hours or less than half a day,
respectively, have been reported.

On the other hand, the concept of an optically addressable
NDRO utilizes state- of-the-art ferroelectric capacitor nenories
based on |ead zirconate titanate materials wth denonstrated
retention of over several years. The concept of the optical NDRO
r eadout consists in rfeading the polarization dependent

phot oresponse from the capacitor.  Wien the wavel ength of the
Incident radiation is |ess energetic than the bandgap of the PZT
material the stored nenory state is not altered. Thi s non-
destructive feature makes it a very attractive option for the niche
applications of critical data storage. I n addition, such a non-
destructive readout (NDRO nay allow use of the ferroelectric
capacitor as a nonvolatile anal og nmenory. The constant nenory

retresh required in the conventional destructive readout (DRrRo) does
not sustain the bit level precision required for an anal og nmenory
oper at i on.

In a prelimnary study we recently*® observed high speed,
bidirectional, polarization dependent photoresponse at a wavel ength
of 532 nm from ferroelectric thin f|In1nenDrY capacitors. Thi s
exhibits® potential for a high speed optically addressabl e non-
destructive readout of the nenory. G ven such a hi gh speed,
bidirectional, polarization dependent response, the objectives of
this task was to critically assess its potential as a viable nenory
t echnol ogy.

II Objective

The overall objective of this research programwas to devel op
optically addressable ferroelectric nonvolatile nenory. The
specific objectives of this study phase, notivated by JPL’s recent
feasibility denmonstration of the optically addressed, high speed,
nondestructive-readout of the state of remanent polarization in
thin pzr filns, were to:

|.Critically assess the potential of the concept of ‘Optically
addressed ferroelectric NMENDry (OA-FeM) wWith non-destructive read-
out” as a viable nmenory technology (for selected applications) ,




2.Project OA-FeM performance capabilities (density, read/wite
speed, power requirenments) , and

3. ldentify the necessary conditions for the realization of this
technolo%y for selected high impact applications and generate a
road-map for the sane.

Details of the technical progress are presented bel ow

Il Techni cal Progress

In order to determine the technological viability of the optically
addressable nenory with NDRO, we have initially focussed on the
conventional Ppt/pzT/Pt - sandwi ch device configuration, wth a
nomnal . goal of a 16 K nmenory chip design. To address this task
the follow ng subtasks were perforned:

1. Conputerized Miltiprobe Test Assenbly:

A conputerized multiprobe test setup including a new | aser was
assenbled to allow a study of the high speed photoresponse and
conﬁarison of the optical. NDRO results with the conventional DRO
techni que (Schematic shown in fig. la and fig. |b) . This set-up
al l ows neasurenent and recording of optical NDRO behavior of the
ferroelectric capacitor, along with conventional electrical DRO
signal , Sawyer/Tower hysteris |00p, capacitance, and resistance /
| eakage, etc; on the sane sanple w thout disturbing the probes.

This highly integrated setup is quite flexible, versatile,

interactive, and allows convenient conputer storage and anal ysis of
the data. 1In particular, the flexibility of subjecting a sample to
the various probes, repeatedly, in any selected sequence, with a
verifiable dquarantee that the sample has not been irreversibly
altered during the course, is extrenmely valuable in correlating the
various phenonena studied. A small (12" long) |aser in conjunction
with a variable attenuator is integrated wthin the setup. The
FWHM of the avail able |aser pulse is as short as 6 ns.

2. Devi ce Fabrication and Photoresponse |nvestigation:

A variety of device test structures in the sandwch
configuration were fabricated using sol-gel thin films wth
platinum as tc el ectrode. The thickness of the top electrode was
as low as 100 A to obtain semtransparent electrodes and upto 3000
A to obtain opaque, reflecting top electrodes. The photoresponse
results fromthe semtransparent and oPaque top el ectrodes were
conpared and have been docunmented in Ref 4. The results suggest
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that at power |evels greater and of the order of 20 mw/u? the
response is hi-directional and polarization dependent response due
to a thermally triggered nechanism In the follow ng, we present
a nenory design devel oped based on this response and the estimated
power requirenents and projected performance levels for the basic
sandwi ch device (configuration A% as well as for a nodified device
structure (Cbnfi?uration B) wwth a different top el ectrode, which
woul d significantly enhance its optical absorption characteristics.

In addition, our recent results on the optoelectronic effects
observed already at an order of magnitude | ower power |evels
(- 2 mw/p?) in the PZT sanples have led to a conceptualization of
a totally new device structure (configuration C) , which may have
potential for dramatically inproving the device performance at
remarkably low intensity levels, making it an excellent candidate
for further investigation. Hi ghlights of our recent results
leading to the device configuration C are also presented in
Appendi x A

3a. Menory Cell design:

Starting with the known* photoresponse characteristics, a node
nmenory cell design has been conceptualized. At present, a single
ferro-capacitor cell design is preferred over the two capacitor
differential signal sensing design for snmaller cell size as well as
faster access. The bidirectional nature of the response allows
this flexibility. W have adapted a typical DRAM design w thout
refresh that utilizes standard bal anced bit |ine techniques for the
bit differentiation based on the photoresponse input signal. A
bl ock di agram and schenatic of the configuration is shown in Figure
2a. Fig 2b is a schematic of the typical colum read functiona
circuit. In order to evaluate trade-offs in speed and size
qui ckly, a Mcrosoft Excel worksheet was generated. To build such
a worksheet, several areas of the actual design had to be sinulated
or designed. SPICE sinulation progranms were devel oped that allow
a quick estimtion of the performance paraneters of the sensing
circuit. The calculations and speed figures are based on sinul ated
and neasured data for existing RAM designs using a two bal anced
lines per bit desugn. The analysis can be divided into three
cat egori es: (1) Ferroelectric cell (f'cell) nodel, (2) Support
circuitry timng and (3) Support circuitry area.

Ferroelectric Cell Mbdel:

Utilizing the typical photoresponse data (reference 4), we have
nmodel ed the ferroelectric capacitor as a current generator with
estimted constants of capacitance ¢, ~ 0.4 pf/um® and current I,
~ 0.32 pa/um®. 1In order to perform area calculations and determ ne
initial’ initial bit |ine capacitance, it was necessary to produce
a prototype layout of the cell. A conservative assunption was nade
that the ferrocelectric cell could be placed within 2 m ninmm
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di nensions of other structures in a 1.2 u CMOS process. Furthernore
it was assuned that the ferrcelectric capacitor is constructed of
two overlapping layers, each inmedi ately contactable from netal
one. Also it is assuned that the illum nation rise tines and
durations are available that lead to current waveforms with rise
times on the order of 1 ns or slower “and durations on the order of
10 to 100 ns. A sunmary of all the inportant assunptions nmade in
performng this nmenory sinulation are provided in Appendix B.

Support Circuitry Timing :

The support circuitry timng nmust account for the follow ng del ays.
The primary delays are:

(1) Bit-line delay, T,: The tine for voltage on the bit line to
reach a nomnal value v,. v, is the mninumdifferential
voltage required to activate t Re conparator and is chosen with
consideration for the noise environment, the typical offsets
of the bit line conparators, and the m ninmum expected current
capability of the ferroelectric capacitor

(2) SOWparator delay, T.: Tine taken by the conparator to nmake a

eci sion.

(3) OQher peripheral electronic timng delays, T, Set up,
Addressing and Miltiplexing.

Bit-line pelay, T:

The f’cell driving various capacitances of a bit line through
a small address enable N-channel MOSFET was sinmulated In
SPI CE. The sinulations were performed for various sizes of
t he MosrET, various sizes of the f’cell, and various | oads.
The time T, in ns, tocharge the bit line capacitance ¢, in
pF, to a value of v, in mV, with a f’cell of self capacitance
¢, In pF, and the current capability of 1, in pa, is
approxi mated by:
Ty, = 1£§i§b%izbl

Because of the high currents availab‘e In the MOSFET, and the
| arge self-capacitance of the f’cell, MOSFET devices | arger
than the mninmum size of 1.2um X 3.8um do not appreciably
affect the tine for the f’cell to charge the bit line
capaci t ance.

Conparator Delay, T,
Si nce the. f’cell has a transient response to the pul se of
light, the cell’s effect on the bit line nust be captured at
a specific tine. This dictates the use of a clocked
conparator. Also, in order to reliably sense the difference
between the two bit lines (bit and bitbar) along a col um,
sonme mninmumoverdrive is required to overcone the substrate
gradients affecting the circuits, and the general noise and
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supply line bounce associated with real systens.

In order to generate an equation for T, we sinulated
overdrives for a variety of conparators including as two
extreme possibilities, a slow conparator with high noise
immunity and a fast conparator with |ow noise immunity. For
such conparators, an approximation of T, in ns, versus
overdrive vy, innV, in the region where vy, << v, is

Ko
Tc SW V00 _VODmin
In this case KC is a delay constant calculated from the

sinulated results, and vy, 1is the smallest overdrive that
causes the conparator to swtch, in nV

G her Time Delays, T.:

e

Qt her peripheral electronic timng delays include:

(1) the time to drive the address lines and enable one ferro-
capacitor onto each col um,

(2) the additional delay to nultiplex the requested
colums/bit into one bit and

(3) the setup time to register the output

The total access tinme is a summation of all these three individual
time del ays.
Taccess =Tp * T -1 T,

Further to obtain the read cycle time, 7T.,.,, the additional time
tO re-balance, Of precharge, T, . = LNE Dit lines is then added
to the above evaluated read access time.

Support circuitry Area:

The area of the f’cell support circuitry, nainly the address enable
MosFET, 1S used to allow calculation of the area of the core for
various nenory configurations. Addi tional support circuits were
not designed or sinulated for timng since it was presuned that
unconstrained area and drive capability is avail able outside the
periphery of the core itself. None of the requirenments for drive
or timng are difficult to achieve in a nodern 1.2um process, and
infact, the requirements inposed by the f’cell design used here are
quite simlar to conventional DRAM

The results of a typical worksheet run are exhibited in Table 1.
In addition to-the results for a 16K chip, the worksheet also shows
the sinmulated results for a 64K chip.



3b. Radiation <consi der at ifonsFerroelectric Memory Readout
Electronics:

The simulation franework that is being utilized provides the
generic design paraneters for the nenory. | f the application
requires a radiation hard chip, the” fabrication process could be
sel ected such that it provides hardness out to 1 Mad total dose
exposure.

Ex?osure to radiation over a sustained period of tine (total dose)
will nodify the behavior of the transistors and degrade their
performance. The n-channel threshold voltage gets snaller and the
p-channel thresholds get larger, nobility is reduced, and |eakage
current increases. |t the exposure is | arge enough, the circuits
wll fail conpletely because the n channel transistors cannot be
turned of f and the p channel transistors cannot be turned on.
Before this failure occurs the circuit wll experience a reduction
in speed due to the changes in voltage threshold and carrier
mobility. However, circuits processed utilizing a rad-hard process
will not experience degradation until very |arge doses are
encountered (> 1 MRad) .

“I"he sinulations described here have been based on a conmerci al .
process that is available through Mosis. These processes are not
designed for a high radiation environment. They are typically good
for ~ 10-50 KRads before serious degradation occurs. Wth nom nal
operation conditions a read access time of < 20ns could be obtai ned
using such a process with mninmum feature sizes of 1.2 un.
Lomering the feature size to 0.8 um will entail further inprovenent
in speed. Using data obtained from experinments conducted on the
CRRES satellite, and considering an exanple where a 20-30 KRad
total dose inpingement was done on the circuits, a sgeed
degradation of between 2 to 2.5 tinmes was projected. hi s
degradati on was applicable to tines T, and T,. Using this
modificati on the sinulation yielded an increase in access tine
from19 ns to 34 ns to allow for a margin for radiation hardness.
|f instead a Rad hard (> 1 Mad ) process were to be used it would
ive simlar speed range in its operation upto the specified 1 Mad
imt.

4. | denti fication of Memory Requirements for sel ect ed

appl ications:

Requirenents of five different selected groups of users are
summarised as follows:

1. sp1o’s mssile interceptor (possible high radiation), _

2. Aerospace surveillance satellites  (rugged, I nternediate
lifetime ~ 5 years) ,

3. Defense critical data storage (conpact, portable, sone

frequent wite/read operations),
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4, Power-of f menory maintenance onboard NASA' s deep space
mssions (long lifetime, over 10 years retention) , and
5. Aut onotive industry (vibration and tenperature inmmune)

As far as readout is concerned, the npst stringent requirenents
cane fromthe spio users: a read access time of ~ 150 ns and read
cycle time ~ 200 ns for an NDRO NvM). |ndeed, Projected r eadout
performance of our optical NDRO promses to be al nost an order of
magni t ude better.

5. Retention, Comparison DRO & Optical NDRO:

Recently'®', it has been recognized that the bit errors in
conventional DRO device prinarily depend on @ (the charge
associated with the non-switching pul se during readout) rather than
Q1 (the charge associated with the swtching pul se). A gradua
rise in @ with tine, generally attributed to tinme dependent
depol ari zation and sl ow swi tching polarization conponents, has an
aﬁpapent ef fect of eroding the nagnitude of the readout signal.
The time dependent polarization conponents may have their origin in
thermal |y activated switching, slowy reorieéenting space charge in
traps/grain boundaries, a distribution of non-oriented grains,
gnstable domai ns, and/or slow domain kinetics with high nucleation

arriers.

Figure 3 shows a conparative plot of polarization and photo-
response as a function of retention time, as neasured by the DRO
techni que and the optical NDRO technique for the as-deposited and
Qost top el ectrode deposition anneal (PTEA) treated capacitors.

he two characteristics are very simlar for the PTEA capacitors.
However, for the as-deposited capacitors, the NDRO characteristics
are markedly stable, whereas the DRO characteristics exhibit a
rapid retention |oss due to the increase in @ with retention time.
This suggests that the NDRO reflects mainly the variation of charge
associated with the switching pulse, 1, and is quite independent
of the effects that cause : This inplies that the problens
associ ated with conventional DRO due to variability wll be
nonexi stent in the optical NDRO technique. hus, the optical NDRQ
in addition to being non-destructive, promses a nore reliable
operation of the non-volatile nenory.

6. Power requirl enents study:

Device Confiqurations

Device confiquration A (figure 4) refers to the conventional
pt/PzT/Pt sandwi ch structure. Qur current VLSl design for a sense
amplifier for 16 k menory chip requires ~ 40 mv signal to be able
to unanbiguously read a bit. Therefore, to generate that |evel of
signal, with an optical pulse of ~ 10 ns duration, projections from
our NDRO observations for a nomi nal capacitor area of ~ 20 um?)
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result in:

* read access time ~ 20 ns (spice sinulation result,
~no rad-hard margins)
<35 nNs (extrapol.ation W rad-hard margin)
**  read cycle time - 30 ns (Spice sinulation result,
_ no rad-hard margins)
" < 50 ns (extrapolation w rad-hard margin)
chip power consunption < 1 Wtt
.. Al t hough the access speed projected above is conpetitive and
of fers an edge over other NVM nenorv_ technol oqi es, such a device
woul d require -400 mw peak optical power/capacitor or
~ 20 mw/um® of power to area] size ratio is required for the
optical NDRO read operation. Conpact sem conductor |asers in that
power range are not available at present tine. Commer ci al
seni conductor |asers are available that can deliver ~ 0.01 mw/um?.
Additionally devices denonstrated in the |aboratory with ongoing R&
D efforts have shown13 to deliver - 0.1 mw/ume.

ii. Aternatively, diode |aser punped solid state |asers al ong
w th an acousto-optical scanning system may be packaged in a size

of ~ (10 x 6 x 6) cm_ inplementation along with a electronic
circuitry box of the size of a cube of 10 cm on each side
However, the scan rate will Iimt the read frequency to about a

Megahertz and the wall plug power requirenment for such a package
wll exceed 10 watts!

Device Confiquration B: (figure 5) is essentially the sane
sandw ch devi ce descri bed above except for replacenent of the
highly reflective platinumtop electrode (optical absorptivity ~1%)
b% a better absorptive |layer (say, platinumcernet filmwth an
absorptivity in excess of -80% 1t will clearly reduce the
requi red peak power per pixel to below ~ 0.5 mw/um?,” however even
that needs to await about an order of magnitude enhancement in the
power to size ratio in order to allow a conpact inplenmentation
(figure 6) as a dual chip with a flip bonded sem conductor |aser
chip onto the ferroelectric chip.

Also in this thermally triggered read mechanism however, the read
access cycle tinme for the same bit would be as long as a fraction
of a mcrosecond, due to the -extended oppositely directed
rel axati on observed® in the photoresponse

Device Configuration C is based on our recent observations
(appendix A, figure 7) of the opto-electronic effect. The
conceptual i zed device woul d consist of a planar geonetry (Figure 8)
where PZT would be deposited with its ¢ axis parallel to the
substrate plane, and the two netal electrodes used for wite as
well as read operations would touch the two facing edges of PZT.
This would wutilize the polarization dependent photoresponse
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(Appendi x A, figure 9a and 9b), already observed at an order |ower
optical incident energy (- 2 mw/pm®), as a bidirectional measure of
the polarization state of the nenory.

In the followng are outlined the features of the new
configuration that pronmse its |ower power requirenent (lowering by
about two orders of nagnitude) and potenti al for ready
manufacturability:

I Qur observation of photoresponse from the conventional
sandwi ch structure suggests that the response is primarily fromthe
narrow "edge" regions of PZT surrounding the circular, opaque top
electrode. Cearly, the bulk of PZT wth remanent pol arization
(menory), which is totally covered bY_the top el ectrode, does not
even get “addressed” by the incident light. The observed response
therefore could be attributed mainly to only the weakly polarized
regions of PZT in the edge regions. This was further confirned by
movi ng around the beam spot across the top el ectrode both in case
of sem transparent or opaque tOﬁ el ectrodes, and the response was
seen to originate nainly from the edges. Mreover, the direction
of the polarizing field in the edge region, noving away fromthe
edge of the top electrode, does not remain normal to the plane of
the film This suggests that the polarized domains contributing to
t he phot oresponse naY be from the smaller population of non-c-axis
oriented donamins (tilted and therefore aligned with the polarizing
field direction in the edge region).

The proposed device with the planar geonmetry would all ow ease of

polarization of PZT in the planar (c-axis) direction with two
distinct polarity options. urthernore, the incident |ight beam
would illumnate (and therefore address) the full area of active,

pol ari zed pzr for dramatically increased signal (atleast by one
order) . This configuration is simlar to the one studied by Bass
and others' 1 in a variety of ferroelectric single crystals to
observe the optical rectification effect.

ii. The new configuration will allow an optimum'? 90° incidence of
the optical beam thus giving another factor of 20% to 30% over the
currently neasured val ue

iii. From reports' on work done on single crystals a dependence of
the photovoltage on optical polarization state of incident beamis
known. The initial measurenments on PZT films, with the c axis in
the plane of the substrate, in the new configuration will allow
rigorous conputation of the electrooptic coefficients and thereby
allow a nore exact projection of the desired optical polarization
to maxim ze the photoresponse voltage.

iv. single level of contact netallization required
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7. Conpact Implementability of Device configuration B or Cin a
power conpetitive nanner:

Desired/ Acceptable Wall Plug Power: 1-2w

VW have previously (Figure 6) suggested the architecture of a dual
ferroelectric-laser chip pack where the |aser ChIB I'S f|IP bonded
on top of the ferro-chinp. The ready manufacturability of such a
chip design in a conpact dense packed manner relies conmpletely upon
bringi ng the power requirenment down to about 0.1 mwWw/um Or |ess so
that denonstrated |aser technologies ( VCSEL technol ogy wth
i ndi vidual row addressability) may be utilized with -1-2 Wof wall
pl ug Pomer to build such an optically addressable chip.  The
optoel ectronic effect observed is clearly the nost pronmsing to
pursue further in order to achieve this goal because it has the
potential of reducing the power required by another couple orders
of magnitude and thereby may surpass the desired goa

At the cost of nore real estate due to | ooser packing density and
an order of magnitude nore wall EJug power, the chip pack may be
i npl emented nore immediately (Figure 10) using nonolithically
integrated bars of edge emitting |asers which have been made
surface emtting by etching 45° nirrors or diffraction grating.
Wth the current requirenent of about 40 mw of peak power per pixel
in a 16K architecture a wall plug power of about 15 Ww || be
required. On the other hand having achi eved the desired goal of
0.1 mw/um?, the wall plug power demand from this architecture as
wel | would drop to ~ 2 Watts making it very manufacturable and
conpetitive with the other NVM technol ogi es.

In addition to its prom sing prospects for Npro, the optoelectronic
effect has further potential for replacing a conbination of a
spatial light nmodulator and a detector in the backplane of optica
conmputers by a single conpact device array as it offers to be a
progranmabl e detector within one single arraK. This potentia
ener ges because of the dependence of the photoresponse on the
wproduct" Of nenory stored and incident optical signal. Such
functionality froman integrated device, by reducing the size and
conplexity of the inplenentation and enhancing the speed by
allowing parallel access, offers opportunities in a w de spectrum
of applications including high speed optical conmunication
networ ks, image processing, and parallel processing architectures
such as optoelectronic neural networks.

8. Depositionof PZT wth c-ajxarallel to the substrate plane:

Using a suitable tenplate |ayer such as Mgo and sel ection of the
growh conditions (substrate tenperature and anbient partial
pressure) polycrystalline/epitaxial films with preferential a axis
orientation can be deposited as has been denonstrated in the case
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of yBco', BaTio; 18 and pbrio, .  Therefore the new concept ual
design Cis indeed capable of being realized within a future R & D
program

| V Concl usions and a Road- Map for Future Development

This work has clearly denonstrated the feasibility of optica
NDRO, and identified the necessary conditions for its realization.

In particular, the highlights of this work are:

(a) denonstration of high speed (-10 ns ) bidirectional
pol ari zati on-dependent response at -mNpnt of incident optical
power |evels,

(b) observation of the optoel ectronic response at |ower power
levels preferentially fromthe edges of the ferroelectric capacitor
suggesting the hxpothe3|s that the effect strongly depends on the
ortentation of the filmor a gradient of the polarization,

(c) conceptualization of a device design to reduce the requirement
of incident optical power by orders of magnitude based on utilizing
the optoelectronic effect,

(d) the optical NDRO signal is fundamentally different fromthe
conventional destructive readout(DRO) nechanism and therefore is
not plagued by the problens associated with retention loss in the
DRO t echni que.

(e) simulation of a 16 K nenory chip within the framework of a
radi ation hard environment wth read access times of < 35 ns and
read cycle tines of < 50 ns, easily surpassing those of the
conventional DRO

Commercial realization of the optical NDRO, however, would
require either a reduction, by about an order of magnitude, in the
incident (optical) power for the readout; or an enhancenent by
about an order of magnitude in the delivered power/size ratio and
reduction in production cost of the sem conductor |asers to be used
for the optical addressing. It is interesting to note that at the
time this report was being conpiled, a news itenf from AT&T Labs
reports the achievenent of a ten-fold increase in output power to
size ratio delivered from VCSEL to about 1 mw/um’® at a wavel ength
of ~ 0.8 u, thus making the conpact inplenentability power-w se
feasi bl e al ready.

The further R&D to convert this optically addressable

ferroelectric menory technology into a viable product therefore
requires a focus on primarily the followng itens:

12



1. | nvestigation of the optoel ectronic resBonse to verify the
thotheS|s for the origin/nmechani smof the observed interesting
phot oresponse from the edges

2. Devel opment of the new device design conceptualized herein to
realize the full potential of the optical NDRO technol ogy towards
the identified high inpact applications in optical conputing and
hi gh speed comrunicati ons.

3. Successful, reliable and cost effective integration of the
ferroelectric technology with the conventional. VLSI Technol ogy and
the optical addressing options such as sem conductor |asers,
optical fibres and/or inmage projections using lenslet arrays.

In this respect the optically addressable ferroelectric technolo?y
may have a substantial advantage over the conventional electrically
addressable ferroelectric technology because of considerably
reduced peripheral circuitry requirement owng to the parallel
access needed for optical processing applications.

\—-Addi tional _Acconplishnmentss.
In addition, this program also led to the follow ng:

1.

| dentification of tinme dependent polarization effects in pzT
filnms and their reduction by an optim zed anneal treatnent,

2. a new concept of a non-invasive optical probe for studying /
mappi ng the remanent polarization profiles / ferrocelectric
domains in PZT filns and other simlar ferroelectric naterials
wth a high spatial resolution, and

3. a potential use of high band gap perovskite titanates (e.g.
pzT) for UV _sensing.
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Vi1 Appendi x A

##ux Key Results, opto-electronic Effect:

* The xey result as summarised in figure 7 consists in the
observation of a polarization dependent rectification of
t he photoresponse from the capacitor at an order of
magni tude | ess power (~ 2mW/um?) then is required for
the thermally triggered response from conventional

capacitors.

* This optoelectronic effect was observed, when the beam
size was larger than the size of the capacitor

* The extent of the rectification and the direction of
rectification wvaried wth the polarization of the
incident beam and the angle of incidence. Such

dependence on ?olarization state of the optical beam has
been reported' eari‘er:

* A bidirectional response has been observed froma pair
of adjacent capacitors with the beamillumnating the
center area (i.e. with an A1A2 illunination is shown in
figure 7).

* By noving around the beam spot across the top el ectrode

both in case of senmtransparent or opaque top electrodes,
the response is seen to originate mainly fromthe edges.
There is some simlarity between this observed effect and
the optical rectification effect that has been observed
in single crystals'™' with the optical illumnation
perpendicular to the ¢ axis of the crystal.

* Irrespective of the size of the beam spot as long as the

power density per unit area was identical the
phot or esponse was i denti cal
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IX Appendix B:

Sunmary of Assunptions nade for the vLsi Sinmul ation:

(1)

Area and rel ated capacitance cal culations are based on Obit
1.2 pum design rules and el ectrical specifications.

The cal culations are derived from sinulations based on Level
2 spick nodel for Orbit 1.2um process

annr& peri pheral timngs are valid for nenories in the size
of 1 Kto 256K bits.

Ferroel ectric capacitor cell illumnation is unconstrained to
the point of stinulating current risetines of 1 ns or slower
and current pulse durations of 10 to 100 ns.

Ferroelectric capacitor layer overlap is fixed at 1.4 um in
w dth and is unconstrained in overlap height.

The bit cell height for nornalised f’capacitor of area = Ois
fixed at 14.2 pm This can be changed to acconmpdate design
rul e changes, within the range -10%to +10% w t hout changi ng
accuracy of capacitance cal cul ati ons appreci ably.
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X Figure Captions:

Figure la: Schematic of the conputerized multiprobe test assenbly.

Figure I b: Schematic of the optical set-up for non-destructive
| aser pul se probing of the ferroelectric capacitor.

Figure 2a: Block diagramof the nmemory chip configuration.
Figure 2b: Schematic of a typical colum read functional circuit.

Figure 3: Results of a conparative retention study using the DRO
and optical NDRO technique.

Figure 4. Illustration of device configuration A

Figure 5: Illustration of nodified device configuration B to
maxi m ze thermally triggered NDRO response.

Figure 6: Illustration of an optically addressable ferroelectric
menory - sem conductor |aser dual chip pack

Fi gure Summary of the key observations of the optoelectronic
effect.

Figure 8 Illustration of the new device configuration C that
maxi m zes the newl y observed optoel ectroni c NDRO response.

Figure 9a: NDRO photoresponse signal froma ferroelectric test
structure consisting of two capacitors coupled back to back. This
is response froma positively poled test structure.

Figure 9b: NDRO photoresponse signal froma ferroelectric test
structure consisting of two capacitors coupled back to back. This
Is response from a negatively poled test structure.

Figure 10: Layout of a 16K optically addressable ferroelectric chip

utilizing bars of edge emtting [asers nmade surface emtting by
etching mrrors or diffraction grating.
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OPTO ELECTRONIC EFFECT - KEY OBSERVATION
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NEW DESIGN FOR OPTO ELECTRONIC NDRO
DEVICE CONFIGURATION C

hv
ELECTRODE 1 i ELECTRODE 2
e 778777 v
PZT WITH C-AXIS PARALLEL TO THE SUBSTRATE

TEMPLATE LAYER
PASSIVATION LAYER

S Si/GaAs B

S. Thakoor
Aug 82

Figure 8
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JPL

WHY OPTICALLY ADDRESSABLSE
FERROELECTRIC MEMmoRY wity NDIRO)

.PROBLEMS WITH DRO

. destructive, demands refresh, shortens memory life

.CHOICE OF REFERENCE IS NON-TRIVIAL
e SENSITIVITY TO BIT UPSET AT REFRESH

* NDRO s the apnswer

.PROBLEMS WITH ELECTRICAL NDRO

* FERROELECTRIC FIELD EFFECT TRANSISTOR

relies on modulation of source to drain current across
a variable resistance semiconductor channel or thin film

. more complex - three terminal structure
REQUIRES OPTIMIZATION OF NEW SEMICONDUCTOR

FERROELECTRIC INTERFACE
injected space charge may contribute to spurious
modulation

. leakage associated with interface

. OPTICAL NDRO IS THE SOL  UTIoN




JPL ADVANTAGES OF OPTICALLY ADDRESSABLE
FERROELECTRIC MEMORY

* NON-DESTRUCTIVE READOUT

HIGH SPEED INTERACTIVE ACCESS (< 35 ns)

.DIRECT ACCESS WITH OPTICS
.OPTICAL COMPUTING
. CYCLABILITY TO 210 éyctes

.BROAD WAVELENGTH RESPONSE (0.5 u - 5p)
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WHERE BLSE THIS TECHNOLOGY
WILL LEAD

.MASSIVELY PARALLEL READOUT

EXTREMELY IMPORTANT FOR OPTICAL COMPUTING
AND PARALLEL PROCESSING

.direct interface with optics -

photocurrent = incident illumination x memory
. fast real time processing ~10 - 100 ns

ANALOG NON-VOLATILE MEMORY

refresh causes quick aggregation of errors
makes successful operationimpossible

S A WUST FOR ANALOG QP
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JPLU DEVICE CONFIGURATION A

PHOTONS

U

POLARIZATION
CONTROL

—® TOP ELECTRODE , Opaque Pt

— FERROELECTRIC LAYER, PZT
PHOTO- - _ . (0.15 um -0.2 um)
RESPONSE — BOTTOM ELECTRODE (Pt)

OUTPUT —» SiO,
Si SUBSTRATE
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JPL IS THE PHENOMENON
THERMALLY TRIGGERED

SEMI-TRANSPARENT
TOP ELECTRODE

S\S, PHOTONS

00 KT

j OXIDIZED Si

. ASYMMETRIC RESPONSE BECAUSE
OF OFFSET DUE TO POLARIZATION
INDEPENDENT PHOTOVOLTAIC
CURRENT

.POLARIZATION DIRECTION
DEPENDENT NDRO OF MEMORY
OBSERVED REPETITIVELY,

—WAVE LENGTH: 532 nm

OPAQUE TOP
ELECTRODE

PHOTONS \S\}

//////////////
A

J OXIDIZED si

+ PHOTOVOLTAIC CURRENT

SUPPRESSED DUE TO OPAQUE
TOP ELECTRODE.
SYMMETRIC RESPONSE

OBSERVED

- THERMALLY TRIGGERED

PHOTORESPONSE
PREDOMINANT

- POLARIZATION DIRECTION

DEPENDENT NDRO OF
MEMORY CLEARLY OBSERVED
REPETITIVELY




SPL

OPTICAL NDRO - VLSI IMPLEMENTAL[LITY

mIT BIT. \

.
PRECHR '
EVAL y\

TO DEMUXAND LATCH

COLUMN READ FUNCTIONAL CIRCUIT

i R
BOB -NIXON and ERLEND OLSON

|
Y
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- JPL . |
OPTICAL NDRO - VLSI IMPLEMENTABILITY

DEVELOPED A CONCEPTUAL MEMORY CELL DESIGN
BASED ON THE OBSERVED PHOTORESPONSE CHARACTERISTICS

e CHOICE OF SINGLE FERRO-CAPACITOR CELL BECAME POSSIBLE
DUE TO THE BI-DIRECTIONAL POLARIZATION DEPENDENT

PHOTO. RESPONSE

¢ ADAPTED A TYPICAL DRAM DESIGN WITHOUT REFRESH THAT
UTILIZES STANDARD BALANCED BIT LINE TECHNIQUES .

* 16K MEMORY CHI P SI MULATI ON RESULTS

READ ACCESS TIME READ CYCLE TIME
WITHOUT RAD

HARD MARGINS 20 ns 30 ns

WITH RAD HARD -
MARGINS 35 ns 50 ns

FOR A 16 K MEMORY CHIP, THE NDRO ACCESS TIME -
COULD EASILY SURPASS THAT OF CONVENTIONAL DRO

BOB NIXON and ERLEND OLSON‘]




JPL DEVICE CONFIGURATION B

PHOTONS

POLARIZATION ~
CONTROL

TOP ABSORBING ELECTRODE

Such as Pt - CERMET
FERROELECTRIC LAYER, PZT

(0.15 pum -0.2 um)

BOTTOM ELECTRODE (pt)

PHOTO-
RESPONSE
OUTPUT ]

Si SUBSTRATE SiO 5

—_—




TMPLEMENTATION

(CoNFIG . B )

PONER REGQD ~ O3 Mv\\/m,_

Sg M) ConNDuCTOR

) ASERS (Cuwad ~ ©° — ©-1 mN/HmL

IMPLE’{\:TA TioN VSING Nd YAG  [amen_
4
2 axvo Plero Driven S,
e Cn A’ 1) c-. o SC.M )

- POWER . As Al

Size ~v  lOtm % Gem xlom oPTIlcS

lOtm xl0etm = (Ocn EUECTRONICS

. __G8PEED
DT pEESS ~ Joons
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PHOTORESPONSE AT HIGH SPEEDS, HIGH ENERGY
A~ 532 nm

THERMALLY TRIGGERED RESPONSE
OPTO ELECTRONIC RESPONSE
g™ REL
N 20 m W2 <
N Y é é ?>mW/u
T TOP ELECTRODE, N 2
PAR AT O . [ opaquen POLARIZATION —Top ELECTRODE,
CONI ) CONTROL, _ _ Opaque Pt
P . EE?ROELECTR'C _— FERROELECTRIC
NN | —=LAYER, PZT ;
PHOTO- o— = (90.15pm - 0.2pm — LAYER, pzr
RESPONSE PHOTO- o— (9015 pm -~ 0.2um)
OUTPUT BOTTOM RESPONSE | _BoTTOM
SI SUBSTRATE ELECTRODE(P!) OUTPUT ] »ELECTRODE (PY)
‘ ( 0, - SI SUBSTRATE 1
) ) L 102
(a) POSITIVELY POLED
§ SRR POSITIVELY POLED
e ®
g N - w CAPACITOR
: 2 —_—
o
z &
‘\/ (b) NEGATIVELY POLED 5
CAPACITOR o
& (b) NEGATIVELY POLED
—1 =100 ns CAPACITOR
TIME (ns)
— l=-100ns

f. : TIME (ns)



.OPTICAL BEAM DIAMETER IS

SMALLER THAN THE DIAMETER

OF THE CAPACITOR
RESPONSE SPEED ~ 25mns

.OPTICAL BE:AMM ENERGY
~ 20mW/um

. RESPONSE IS BIPOLAR

* POLARIZATION OF INCIDENT

OPTICAL BEAM
IS NOT SIGNIFICANT

APL COMPARISON OF THERMALLY TRIGERED AND
OPTOELECTRONIC RESPONSE

THERMALLY TRIGGERED RESPONSE Optoelectronic RESPONSE

OPTICAL BEAM DIAMETER IS

LARGER THAN THE DIAMETER

OF THE CAPACITOR
RESPONSE SPEED ~ 1Ons

OPTICAL EAM ENERGY
~ 2 mW/um

RESPONSE IS UNIPOLAR

POLARIZATION OF INCIDENT
OPTICAL BEAM IS
SIGNIFICANT

BY MOVING AROUND THE
BEAM SPOT THE RESPONSE
IS SEEN TO EMERGE
PRIMARILY FROM THE EDGES
OF THE CAPACITOR



APL
OPTO-ELECTRONIC RESPONSE FEATURES

RESPONSE |S DIRECTLY PROPORTIONAL TO INTENSITY

RESPONSE SHOWS A DEPENDENCE ON THE INCIDENCE
ANGLE OF THE INCIDENT LIGHT

RESPONSE SHOWS A SIGNIFICANT DEPENCE ON THE
POLARIZATION STATE OF THE INCIDENT LIGHT

FOR PZT FILMS THAT ARE EPITAXIAL WITH C - axis
PERPENDICULAR TO THE SUBSTRATE OR HAVE A
PREDOMINANT (111) ORIENTATION , THE RESPONSE IS
SEEN TO EMERGE PRIMARILY FROM THE EDGES OF
THE FERROELECTRIC CAPACITOR




OPTO ELECTRONIC EFFECT - KEY OBSERVATION

Al A1 A2 A2

ILLUMINATION &
PROFILE R

POSITIVE A A

POLING

PHOTO- <
RESPONSE

NEGATIVE —
POLING K;] K;7

5. Thakoor
July '92

Figure 7



JPL
NEW DEVICEDESIGN C: OPTOELECTRONIC NDRO

KEY FEATURES

PZT WiTH C AXJS PARALLEL TO THE SUBSTRATE INSTEAD
OF C AXIS PERPENDICULAR TO THE SUBSTRATE

PLANAR CONFIGURATION INSTEAD OF SANDWICH
CONFIGURATION

OPTIMUM ANGLE OF INCIDENCE

OPTIMUM POLARIZATION OF INCIDENT READ BEAM



V=YY VEVOIVMINTVUNVUFITUYU ELEU] HUNIU NUHU .

hv
ELECTR | :
N ODE L/ ELECTRCDE 2
O i— .
SENSE CKT 8077 A —— TO Warre/
, IPZTW TH C-A@ LLEL TO THE SUBSTRATE
f TEMPLATE LAYER I
PASSIVATION LAYER —
é Si/GaAs >

S. Thakoor
Aug' 92
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JPL PHOTORESPONSE MECHANISMS INFERROELECTRICS serita Thakor
THEIR KEY ATTRIBUTES & APPLICATIONS (81 8) 354-086
INCIDENT INCIDENT RESPONSE
MECHANISM WAVELENGTH  POWER SPEED APPLICATIONS
PHOTO - i
DEPENDENT HIGH
CONDUCTIVE (bandgap DEFINITION
related, 2 IMAGING,
PHOTOVOLTAIC carrier ~uW/u ~ps-ns| UV SENSING,
SPACE CHARGE| (oneration HIGH SPEED
EFFECTS pased) SWITCH
INDEPENDENT NDRO,
(interaction of Fe DOMAIN MAP,
OPTICAL the incident 5 BROAD BAND
RECTIFICATION | radiation field | _,wy,” | s | DETECTOR,
with the non- (proj.) HIGH SPEED
-centr_osym. c OMMUNICATION,
material) IMAGE COMPARISON
NEURAL NETS
THERMALLY (pyroelectric / HIGH SPEED
TRIGGERED piezoelectric |- (1-10) |~10ns | EMBEDDED
RESPONSE response) m W/u© | *100ns | TEMPERATURE
CHANGE SENSOR
Fe DOMAIN MAP °




IN FILM
OPTICALLY ADDRESSABLE TH
IPL FERROELECTR|c MEMORY CHIP PACK

SEMICONDUCTOR
/ LASER CHIp

INDIVIDUAL LASER' N

(VCSEL or EEL
made Surface

emitting by etching a
rirror/dif raction M/ﬁ/ﬁ

g ating)

[ FERROELECTRIC

W ; THIN FILM MEMORY CH P
4

SEMICONDUCTOR
LASER (VCSEL)

LASER EMISSION
WINDOW

FERROELECTRIC ‘
CAPACITOR CELL

22

FERROELECTRIC
CAPACITOR CELL

77777777

mE
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SIMPLIFIED OPTOELECTRONIC S Trokoor S Manacos, L pergnan

(818) 354-0862

JFPL HEADER DETECTION/TRANSLATION INTERFACE
FOR HIGH SPEED OPTICAL COMMUNICATION NETWORK

OBJECTIVE: TO DEVELOP A SIMPLIFIED OPTOELECTRONIC INTERFACE FOR HEADER
DETECTION AND TRANSLATION IN THE SWITCHING NODES OF AN ALL OPTICAL DATA PATH
COMMUNICATION NETWORK WITH TERABITS/SEC CAPACITY -

BACKGROUND: JPL HAS INVESTIGATED THE USE OF A HIGH DENSITY WAVELENGTH DIVISION
MULTIPLEXED (HDWDM) FORMAT IN A MULTI-RING SHUFFLENET TOPOLOGY TO REALIZE A WIDE
AREA NETWORK (WAN) FOR INTERCONNECTION OF SUPERCOMPUTING FACILITIES AND
SIMULATIONS HAVE DEMONSTRATED A POTENTIAL CAPACITY OF 1.2 TERABITS/SEC

PROBLEM: THE OPTOELECTRONIC HEADER DETECTION/TRANSLATION IN THE SWITCHING
NODES IS CURRENTLY ENVISIONED UTILIZING DISCRETE COMPONENTS AND ACCESS TO THE
ELECTRONIC MEMORY CELL LOCATIONS IS S‘ERIAL THUS COMPROMISING ON THE SIZE AND
THE SPEED |

SOLUTION: THE FERROELECTRIC ARRAY WITH ITS DUAL ATTRIBUTES OF A MEMORY AS
WELL AS A PHOTOMODULATED CURRENT RESPONSE OFFERS AS AN IDEAL SOLUTION TO
PERFORM THIS HEADER DETECTION/ TRANSLATION FUNCTION WITHIN A COMPACT INTEGRATED

ARRAY
DISCRETE COMPONENTS FERROELECTRIC ARRAY

SPEED ~10 ns < 10ns

CELL ACCESS SERIAL PARALLEL

POWER ~u Wum ? ~ uW/ume (proj.)

SIZE requires atleast three different single integrated device

separate subcomponents “COMPACT”



NEAR FIELD, NON-INVASIVE PHOTO RESPONSE MAPPING OF
JPL POLARIZATION DOMAINS IN A FERROELECTRIC THIN FILM

LASER

FOCUSSING
OPTICS

N

OPTICAL

DIGITAL
OSCILLOSCOPE
DATA-ACQUISITION
UNIT, AND
C O MPUTER

1

H

AMPLIFIER ,o—

PHOTORESPONSE ..

MEASUREMENT

D FIBRE

RESOLUTION -~
FIBRE TIP ID (100 A)

TOP TRANSPARENT
ELECTRODE

FERROELECTRIC

THIN FILM (PZT)

J+——BOTTOM ELECTRODE

L e e T o e ey

~ SiO,

|

A PHOTOCURRENT

(R

- 7
S| K[ R

/2
=7

L

PC CONTROLLED
SCANNING STAGE

Si

A

ez XN
N N2 S
n'ﬂﬁ{/‘éleﬂﬂ;%e‘%%%?._

SIMULATED EXAMPLE OF SUBMICRON-RESOLUTION

MAP GENERATED FROM PHOTORESPONSE DATA
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CONCLUSIONS

OPTICALLY ADDRESSABLE FERROELECTRIC MEMORY IS A VIABLE
QECHNOLOGY

HIGHLIGHTS

. DEMONSTRATED HIGH SPEED (~10ns) BIDIRECTIONAL,
POLARIZATION-DEPENDENT RESPONSE AT ~mW/um
OF INCIDENT OPTICAL POWER

e CONCEPTUALIZATION OF A DEVICE DESIGN TO REDUCE THE
REQUIREMENT OF INCIDENT OPTICAL POWER BY ORDERS
OF MAGNITUDE

. SIMULATION OF A 16K MEMORY CHIP WITHIN THE FRAMEWORK
OF A RADIATION HARD ENVIRONMENT WITH READ ACCESS
TIMES OF £35ns & READ CYCLE TIMES OF< 50 ns

THE VARIETY OF PHENOMENA OBTAINED WITHIN THIS ONE SINGLE
MATERIAL MAKE IT AMENABLE TO A WIDE SPECTRUM OF APPLICATIONS
RANGING FROM HIGH SPEED TEMPERATURE SENSING TO OPTICAL
COMPUTING
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